We report the crystallization and structure determination at 1.85 A Ê of the extracellular, membrane-anchored trehalose/maltose-binding protein (TMBP) in complex with its substrate trehalose. TMBP is the substrate recognition site of the high-af®nity trehalose/maltose ABC transporter of the hyperthermophilic Archaeon Thermococcus litoralis. In vivo, this protein is anchored to the membrane, presumably via an N-terminal cysteine lipid modi®cation. The crystallized protein was N-terminally truncated, resulting in a soluble protein exhibiting the same binding characteristics as the wild-type protein. The protein shows the characteristic features of a transport-related, substrate-binding protein and is structurally related to the maltose-binding protein (MBP) of Escherichia coli. It consists of two similar lobes, each formed by a parallel b-sheet¯anked by a-helices on both sides. Both are connected by a hinge region consisting of two antiparallel b-strands and an a-helix. As in MBP, the substrate is bound in the cleft between the lobes by hydrogen bonds and hydrophobic interactions. However, compared to maltose binding in MBP, direct hydrogen bonding between the substrate and the protein prevails while apolar contacts are reduced. To elucidate factors contributing to thermostability, we compared TMBP with its mesophilic counterpart MBP and found differences known from similar investigations. Speci®cally, we ®nd helices that are longer than their structurally equivalent counterparts, and fewer internal cavities.
Introduction
High-af®nity binding protein-dependent ABC transporters were originally discovered in Gramnegative bacteria. They consist of a high-af®nity periplasmic substrate-binding protein as the major substrate recognition site, two hydrophobic membrane proteins spanning the cytoplasmic membrane and forming the translocation pore, and two additional cytoplasmic subunits, peripherally associated with the membrane proteins. By ATP hydrolysis, the latter two subunits provide the energy for the accumulation of substrate across the inner membrane against the concentration gradient. 1, 2 Recently, it has been recognized that binding protein-dependent ABC transporters are present in Gram-positive bacteria. 3 In these cases, the soluble periplasmic binding proteins are anchored to the membrane by an N-terminal lipid modi®cation. It consists of a diglyceride connected to the N-terminal cysteine residue via a thioether bond. 4 Binding protein-dependent ABC transporters have been found in thermophilic bacteria 5, 6 and archaea, 7 and their binding proteins have been isolated and characterized. 8 ± 10 The crystal structures of several periplasmic substrate-binding proteins reveal a common blueprint. These proteins are composed of two separate but similarly folded globular domains or lobes, the N-terminal and the C-terminal lobe. 11 Both are connected by a hinge region made of two or three short polypeptide segments that are far apart in the polypeptide chain. Although the two lobes are formed by several non-contiguous polypeptide segments, they possess similar tertiary structure. They are composed of a central b-pleeted sheet of six or seven mostly parallel strands with two or three a-helices on each side forming a cleft between them. The structure analysis of unliganded and liganded members of this family has revealed a hinge movement of the two lobes, which thereby embrace the bound substrate and sequester it from bulk solvent. The maltose-binding protein (MBP) of Echerichia coli in particular has been subject to intensive structural analysis 12 ± 20 as well as to kinetic analysis relevant to the substrate-induced conformational change. 21, 22 Hydrogen bonds between the sugar and the protein as well as stacking of hydrophobic patches of the pyranose rings onto aromatic side-chains contribute to the high af®nity of binding, which typically is in the mM range.
We present here a structure analysis of the trehalose/maltose-binding protein (TMBP) belonging to the ®rst characterized archaeal binding proteindependent ABC transporter from the hyperthermophilic Thermococcus litoralis. The genes for the transport system (including malE encoding TMBP) are contained on a 16 kb DNA fragment that can be found in nearly identical sequences¯anked with insertion elements in Pyrococcus furiosus, demonstrating lateral gene transfer between these two organisms. In addition to this acquired trehalose/ maltose ABC transporter, P. furiosus contains a second ABC transporter that recognizes maltose and maltotriose but not trehalose. This latter system is not present in T. litoralis. 23 The binding proteins of these two P. furiosus transporters can be aligned with 27 % identical residues. The structure determination of the maltose/maltotriose-binding protein from P. furiosus is presented in the accompanying paper. 24 TMBP in its natural host is membrane-attached but can be solubilized by detergents. The nature of its membrane attachment is not clear at present. Based on the presence of an N-terminal signal sequence typical for cysteine lipid modi®cation in Gram-positive bacteria, 3, 4 we proposed 8 that the protein is anchored to the membrane via lipids. Yet, in a recent study of a glucose transporter of the hyperthermophilic Solfolobus solfataricus with sequence similarity to TMBP, it was shown that the cognate binding protein was attached to the membrane by an N-terminal anchor helix, 25 which in the TMBP sequence we had interpreted as a signal sequence. We believe an anchor helix in TMBP to be unlikely, since a cysteine residue is surrounded by amino acids typical for secretion cleavage and lipid modi®cation. For the structural analysis reported here, we truncated the protein at the N terminus, replacing its natural signal sequence with the E. coli MBP signal sequence, and expressed the protein in E. coli. Surprisingly, only a minor fraction of TMBP was secreted, while active TMBP accumulated in the cytoplasm. The N terminus of TMBP was uniformly cleaved by endogenous proteases six residues N-terminally from the expected cleavage site of the E. coli signal sequence. The resulting soluble protein exhibits the same binding characteristics as the wild-type protein.
Results and Discussion
Tertiary structure of TMBP TMBP and MBP share a common fold with other sugar-binding proteins. 12,13,26 ± 31 These proteins consist of two globular domains (lobes), with a similar tertiary structure consisting of a central pleated b-sheet, which is¯anked by a-helices ( Figure 1 ). The hinge is formed by the loops between b4 and b5, between b11 and b12 and between a14 and a15. The groove between the two lobes contains the sugar-binding site. We compared the structure of TMBP with known structures of other sugar-binding proteins (arabinose-binding protein, 27 ribose-binding protein, 29 allose-binding protein, 31 glucose/galactose-binding protein, 28 and maltose-binding protein 20 .) The highest similarity of the overall structure is found between TMBP and MBP: 278 C a atoms of both can be superimposed with a root-mean-square deviation (rmsd) of 1.75 A Ê (cutoff at 3.0 A Ê ). For this reason, and as both bind maltose with high af®nity, we compared the structures of TMBP complexed with trehalose and of MBP complexed with maltose ( Figure 2(a) ). The structural alignment (Figure 2(b) ) of the two proteins shows that the sequence of helices, turns and b-structures in both proteins is identical despite the low amino acid sequence identity (28 %).
Evdokimov et al. 24 describe the structure of a maltose-binding protein from the hyperthermophilic archaeon P. furiosus, which is also structurally and functionally related with MBP (P.f.MBP). This protein can be superimposed with TMBP with a rmsd of 1.66 A Ê (cutoff at 3.0 A Ê ).
Thermostability
In most studies that compared mesophilic and thermophilic proteins, only subtle differences were detected. 32 ± 36 One factor for thermostability identi®ed in most studies is the difference in amino acid composition between mesophilic and thermophilic homologs. The most stable amino acids in solution are valine and leucine, followed by isoleucine and tyrosine. 35,37 ± 39 The most unstable amino acids in solution are alanine, glycine, proline, asparagine, glutamine and phenylalanine. However, the differences in amino acid composition between MBP and TMBP (Table 1 ) appear rather insigni®cant. When the percentages of charged, polar and hydrophobic amino acids are compared, a slight preference for more hydrophilic residues is observed in TMBP. A slight preference for valine and tyrosine is seen in TMBP, while Ala and Ile are reduced.
When the structures of TMBP and MBP are superimposed (Figure 2 ), an elongation of nearly all a-helices in TMBP becomes apparent, and an additional helix (a6, residues 131-136) is found. Apparently, the elongation of a-helices has a thermostabilizing effect on the structure 40, 41 by the increased number of backbone hydrogen bonds.
The solvent-accessible surface area and the speci®c volume of both proteins are rather similar (see Table 2 ). This is different from other thermophilic proteins, which were shown to have a more compact structure than their mesophilic equivalents.
Thermophilic proteins tend to possess fewer intramolecular cavities. When the total volume of all cavities in the two proteins is compared (Table 2 ), a major difference is seen. While MBP has 11 cavities with an overall volume of 602.9 A Ê 3 , TMBP has only ®ve cavities with an overall volume of 121.1 A Ê 3 . This makes sense, as thermostability is furthered by increasing van der Waals energy, i.e. by avoiding empty cavities.
The sugar-binding site
In the cleft between the N and C-terminal lobes, electron density corresponding to a,a-trehalose was found as shown in Figure 3 . The binding of the ligand is established by interactions known from many sugar-binding proteins.
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The disaccharide is held in position by hydrogen bonds and van der Waals contacts. All the hydroxyl groups and even the glycosidic oxygen atom as well as the ring oxygen atom of one glucosyl residue (Glc1) participate in hydrogen bonding. In total, 21 hydrogen bonds are formed with the protein and three hydrogen bonds are formed with T. litoralisTrehalose/Maltose-binding Protein Figure 2 (legend opposite) two water molecules (Table 3) . These are unequally distributed over the two identical glucosyl residues, with Glc1 forming slightly more hydrogen bonds (14) than Glc2 (ten). The TMBP complex with trehalose is thus established by a larger number of hydrogen bonds than the MBP complex with maltose 20 (11 with the protein and three with water). Thus, the binding site of TMBP appears to be more polar.
When the structures of the two proteins are superimposed (Figure 2(a) ), Glc1 of trehalose bound to TMBP ®ts exactly to Glc1 of maltose (the reducing glucosyl residue) bound to MBP. Glc2 of the trehalose moiety in TMBP is located differently in comparison to the Glc2 of maltose in MBP (the non-reducing glucosyl residue). Whereas Glc2 of maltose is directed towards the core of MBP, in TMBP Glc2 of trehalose is located closer to the surface of the protein (Figure 2(a) ) and forms van der Waals contacts with Trp295 (see Table 3 ). Thus, only the Glc1 residues in both liganded proteins are structurally equivalent and can be compared for their amino acid surroundings. Although they hold equivalent positions, their binding mode is different, showing the same general shift to hydrogen bonding in TMBP (14 bonds) as compared to MBP (®ve bonds) as mentioned above. Even though the binding residues are not conserved, some structurally equivalent residues are apparent. Glu111 in MBP is conservatively exchanged to Asp123 in TMBP. Tyr155 in MBP, which provides van der Waals contacts, is equivalent to Trp257 in TMBP. As a second feature, Trp257 in MBP forms a hydrogen bond with O5 from Glc1. The two other hydrogen bond donors of MBP, residues Asp14 and Lys15, correspond to Asp70 and Arg364 of TMBP, although they differ in side-chain conformation.
Temperature-dependence of substrate association and dissociation
Transport of trehalose in intact cells of T. litoralis is temperature-dependent and maximal only at 80 C. Similarly, when trehalose binding by TMBP is tested at subsaturating concentrations by the ammonium sulfate precipitation technique, the amount of trehalose bound at constant TMBP concentration peaked at 80 C. At that temperature, a K d of 0.16 mM was determined by exit dialysis. 8 To study association and dissociation of substrate more closely, we ®rst removed any bound ligand by dialyzing the protein against 6 M guanidinium hydrochloride followed by dialysis against 50 mM sodium phosphate buffer (pH 7.0), which completely renatured the protein (as tested by ammonium sulfate binding assays at 80 C). The following assay is based on the phenomenon that binding of maltose to TMBP increases¯uorescence whereas binding of trehalose reduces¯uorescence. 8 First, binding of maltose at saturating concentrations (5 mM) was followed by observing the¯uorescence T. litoralisTrehalose/Maltose-binding Protein increase at 340 nm. The substrate-free TMBP showed an immediate increase in¯uorescence at all temperatures tested C) that was completed within the time of data sampling (less than two seconds). This indicates that binding of substrates to the empty and supposedly open form of TMBP is fast in the whole temperature range. Thus, the movement of the two lobes (as measured by¯uorescence increase) to enclose the substrate maltose is not compromized at room temperature. In contrast, when subsequently trehalose was added at competing concentration (100 mM) to exchange the TMBP-bound maltose, the subsequent kinetic of reduction of¯uorescence decrease, characteristic for trehalose binding, is found to be strongly temperature-dependent. The half-time required to reach the quenched value indicative for the trehalose-bound form of TMBP increases with falling temperature. The following half-times (in minutes) were observed: less than 0.05 (82 C), 0.08 (67 C), 0.1 (59 C), 0.25 (48 C), 0.5 (39 C), 0.7 (31 C), 0.8 (22 C). This demonstrates that it is the opening of the two lobes of TMBP that is slowed at ambient temperatures when compared to MBP of E. coli.
The different changes in¯uorescence with maltose (increasing) and trehalose (decreasing) indicate that maltose is bound to TMBP and to MBP in a similar manner, i.e. such that the non-reducing glucose moiety (Glc2) is located remote from Trp295 (Figures 2(a) and 3) . This placement can explain both the quenching of the¯uorescence in TMBP by the van der Waals contact of Glc2 of trehalose with Trp295 and the absence of quenching by maltose.
Putative restraints guiding the evolution of periplasmic binding proteins in hyperthermophilic archaea
The organization of the T. litoralis trehalose/ maltose transport operon. 8, 42 is very similar to that of E. coli and other bacterial binding proteindependent (BPD) ABC transport systems. 1, 43 In E. coli, the maltose transport system is in fact a maltodextrin transport system optimized for the utilization of maltose as well as of short maltodextrins. This can be deduced from the function of the outer membrane l-receptor as a diffusion pore for short maltodextrins, 30 the binding speci®city of MBP, as well as from the characteristics of the maltodextrin-degrading enzymes. 43 In contrast, the T. litoralis uptake system accepts only trehalose and maltose 7 (with a K m of 20 nM), whereas the K d of the binding protein for both substrates is 0.16 mM. 8 Maltotriose is accepted less well and longer maltodextrins are not accepted.
In order to achieve binding af®nity, the energy of interaction must overcome the free energy contribution due to the entropy gain upon dissociation. Shorter-chain oligosaccharides therefore need to be bound at higher energies of interaction per glucose residue than longer oligosaccharides. Residues that are within hydrogen-bonding distance (<3.5 A Ê ) and van der Waals contact distance (<4 A Ê ) of the trehalose ligand.
There must be an upper limit to af®nity determined by the mechanism of the ATP-driven uptake of the transporter and a lower limit set by the ef®-ciency of the uptake process. The interaction energy can be enthalpic by hydrogen bonds and van der Waals contacts as well as hydrophobic by sequestering hydrophobic faces of pyranose rings from water upon stacking onto aromatic sidechains. The latter entropic contribution increases with temperature.
In the maltose-binding proteins of T. maritima and of E. coli, the binding af®nity in vitro increases with temperature. This is indicative for a strong contribution by hydrophobic energies in binding of maltose and maltotriose.
The maltose-binding protein of P. furiosus binds the same sugars in the same temperature range as the T. maritima protein but with different thermodynamic parameters, as described in the accompanying paper. 24 P. furiosus surprisingly has a second homologous transporter with a binding protein identical with TMBP. TMBP binds the two disaccharides trehalose and maltose. The acquisition of this system by P. furiosus was the result of a recent lateral gene transfer, most likely from T. litoralis to P. furiosus.
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Hydrophobic energies of interaction may be disadvantageous for TMBP because a suitable geometry of aromatic residues ®tting to two disaccharides with different angles between their two glucose moieties may be dif®cult to establish. A large number of hydrogen bonds, as found between trehalose and TMBP, may be the best solution to achieve high af®nity for both disaccharides. When more residues are involved in hydrogen bonding, they can form two sets of polar residues, each one binding one of the two sugars. On the other hand, the maltose/maltodextrinbinding proteins bind ribbon-shaped strings of 1,4-linked glucose residues with one surface slightly different in polarity from the other. In this case, binding sites with a suitable arrangement of aromatic residues for extensive hydrophobic stacking may be built more easily and may be advantageous at high temperatures.
Materials and Methods
Expression and purification of TMBP E. coli SF120 44 was transformed with plasmid pRHo1000. 8 The expressed protein contains residues 46 to 450 of the derived amino acid sequence fused to 11 N-terminal residues of E. coli MBP. To allow comparison with the latter, we have in the following numbered the residues of the fusion protein beginning with the N terminus of the processed MBP. The TMBP sequence thus starts in our scheme (Figure 2(b) ) at Lys6, which corresponds to Lys46 in the derived amino acid sequence of TMBP. Cells were cultivated at 30 C in 10 l of NZAMedium (10 g of NZ-Amine A, 5 g of yeast extract and 7.5 g of NaCl per litre) containing 250 mg/ml ampicillin. After an absorbance of 0.5 was reached, expression of the malE gene was induced by adding IPTG to a ®nal concentration of 100 mM. The cells were incubated for eight hours and afterwards harvested by centrifugation (ten minutes at 10,000 g). The cells were then ruptured in a French press cell at 10,000 psi (1 psi % 6.9 kPa) and centrifuged for 20 minutes at 75,000 g. The supernatant was treated with DNase I and RNase I and stirred for 20 minutes at room temperature followed by heating the solution for 20 minutes at 80 C. After centrifugation for ten minutes at 75,000 g, the clari®ed protein solution was dialyzed against 30 mM Tris-HCl (pH 7.5). The protein was puri®ed in two steps using fast protein liquid chromatography. The ®rst step consisted of an anionexchange column (Q-Sepharose, fast¯ow) with a linear salt gradient of 0 to 100 mM NaCl. TMBP eluted at 35 mM NaCl. After dialyzing the eluted protein against 50 mM histidine (pH 6.2) the solution was applied to a chromatofocussing column (PBE 94) in the same buffer. A linear pH-gradient from pH 6.2 to pH 4.5 was used to elute the protein. Two peaks (at pH 5.5 and at pH 5.0) contained TMBP. Only the TMBP eluting at a pH of 5.0 crystallized. Routinely, we obtained 5 mg of homogeneous TMBP of the pH 5.0 fraction from 10 l of culture medium.
Fluorescence measurements
Soluble TMBP was used at 20 mg/ml. Fluorescence was measured in a Perkin-Elmer 650-40 Fluorescence Spectrophotometer at an excitation wavelength of 280 nm and an emission wavelength of 344 nm. Fluorescence was monitored until the¯uorescence drift came to a standstill. Addition of substrate into the stirred solution was done in 10 ml aditions of 100-fold concentrated solutions.
Crystallization and structure solution
Crystals were grown at 18 C using the hanging drop vapor diffusion method with the aid of Hampton Research screening solutions. Successful crystallization required the TMBP solution to be incubated with 1 mM a,a-trehalose at 80 C for ten minutes, and subsequent removal of unbound trehalose by dialysis against 10 mM Tris-HCl (pH 7.5) at room temperature.
The crystallization buffer contained 25 % (w/v) polyethylene glycol 4000, 200 mM ammonium sulfate and 100 mM sodium acetate (pH 4.6). Drops were prepared by mixing 5 ml of TMBP solution (6 mg/ml) with 5 ml of crystallization buffer. Crystals appeared after eight weeks. For data collection at 100 K the crystals were soaked for one minute in the crystallization buffer supplemented with 20 % glycerol. The crystals were rapidly frozen and stored in liquid nitrogen.
Heavy-atom derivatives were obtained by conventional soaking methods: 1 ml of each compound was added to the crystallization drop and the crystals were incubated for eight hours in the crystallization buffer containing the heavy-atom salt (1 mM K 2 PtCl 4 and 1 mM KHgI 4 ). Data sets were measured using rotating anode and synchrotron X-ray sources at 100 K using Mar345 image plate detectors.
Native crystals diffracted to 2.35 A Ê on a rotating anode X-ray source. Data from a crystal soaked with K 2 PtCl 4 were collected to 1.85 A Ê at a synchrotron X-ray source (BW7B, DESY/EMBL, Hamburg). A dataset from a crystal soaked with KHgI 4 was collected to 2.9 A Ê on a rotating anode X-ray source. Parameters of the data sets are summarized in Table 4 .
T. litoralisTrehalose/Maltose-binding Protein
The data were processed using the XDS 45 The structure was solved using MIRAS with the help of two heavy-atom derivatives (see Table 4 ). The heavyatom sites were found using the program SOLVE. 48 Further re®nement of the heavy-atom sites was performed using SHARP. 49 This led to a heavy-atom model containing three Pt and three Hg sites. In the Pt derivative, one major and two minor sites could be detected. Due to the high resolution of the Pt dataset we were able to include the Pt sites and three chloride ions of the major Pt site to further improve the phases.
The resulting electron density map was solvent¯at-tened using the program SOLOMON 47, 50 and was used for a six-dimensional real-space molecular replacement search, which was performed with a parallelized version 51 of the program ESSENS, 52 using a polyserine model of E. coli MBP as a template.
Maps (3F o À 2F c and F o À F c ) were calculated with the CNS 53 program suite. For phase calculation, initially the native dataset to 2.35 A Ê was utilized. For re®nement, however, we used the 1.85 A Ê K 2 PtCl 4 dataset and modelled the complex of the protein with the heavy-atom compound. Model building was perfomed using the program O. 54 Simultaneously, automatic model building was performed using the ARP/WARP 55 program suite and the calculated map was used as an additional template for model building. The calculated phases from SHARP were used for map calculation and as a re®ne-ment target until R free dropped below 40 %.
The initial model re®nement was done by manual model building, grouped B-factor re®nement and energy minimization steps and, after R free dropped below 36 %, re®nement was performed using individual B-factor re®nement, torsion angle dynamics by slow cooling the model after heating to 2000 K and energy minimization. The quality of the structure was analyzed using PROCHECK 56 and WHAT IF 57 ( Table 5 ). The ®nal model comprises four N-terminal residues of E. coli MBP followed by residues 46 to 450 of the unprocessed form of TMBP, one trehalose molecule, three platinum sites with, overall, ®ve chlorine atoms and 296 water molecules: 12 further residues at the N terminus could not be modelled due to lack of density.
After completion of the re®nement against the 1.85 A Ê derivative dataset, the resulting model was used for re®nement against the 2.35 A Ê dataset (R 20.9 %, R free 25.8 %). As no signi®cant deviation between the ®nal models was found, and the rms deviations are low (0.25 A Ê for backbone atoms), the analyses reported here were based on the better-de®ned model based on the higher-resolution data.
Secondary and tertiary structure analysis
The secondary structures of TMBP and MBP were determined with the DSSP program suite. 58 Calculations of the surface area and their hydrophobicity/hydrophility were done with the help of the NACCESS program suite (S. J. Hubbard & J. M. Thornton, Department of Biochemistry and Molecular Biology, University College, London). Internal cavities were determined using GRASP 59 with a probe radius for water of 1.4 A Ê .
Protein Data Bank accession code
The coordinates of TMBP with bound trehalose were deposited at the RCSB Protein Data Bank under ID code 1EU8.
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